In order to obtain latexes with high solids content, simulations of a styrene-butadiene emulsion copolymerization were carried out, in semi-continuous process, using the Aspen Polymers® software. The solid content in the styrene-butadiene emulsion was increased gradually reducing the water of the formulation and maintaining the proportionality between the other raw materials, ranging from the original 48.4% to 65.1%. The final properties of the emulsion had expected results, as discussed on theoretical basis: the density, viscosity, molecular weight and particle diameter enlarged with the increasing of solid content. The polydispersity, the glass transition temperature, the specific heat and the thermal conductivity decreased. A butadiene conversion of 99% and a reaction yield of about 97% were reached using 60% of solids content, so that this was considered the best adjusted operating point.
Introduction
Emulsion polymerization is an important industrial process to produce polymers widely used as: tires, paper coatings, hell counter for shoes, conveyor belts, vibration damping systems, hoses, covering for mills and warehouses. Applications depend on the type of polymerization process (hot or cold), reaction mechanism chosen, kind of additives used, quantities of each raw material in the formulation and their proportions among monomers. According to the Transparency Market Research, a North American marketing intelligence company [1] , the current emulsion polymers market is 28.24 billion dollars (data from 2012) and will raise 5.7% per year reaching 41.63 million dollars in 2018. The styrene emulsions are 65% of this total, in which are included styrene-butadiene emulsions. The optimization and control of polymerization reactors have considerable importance in order to decrease production costs by reducing the process time, maximizing conversion of the reactants, obtaining high yields and quality of service in the final product. Solids content is the result of the relationship between the total of polymers made, additives used and the dispersing medium. There is a huge industrial interest to obtain higher solids content, in order to optimize the reactor volume with the same reaction time. Moreover, this reduces storage space and optimizes transportation to the end costumer. For applications such as coatings, this improvement also decreases drying time. However, to obtain polymers with high solids content, the difficulty of stabilizing the emulsion, higher viscosity and residue formation (clots), generates limitations in the process, affecting the safety of the reaction. A strategic issue in this process is to produce emulsions with higher solids content within the existing constraints of the reaction heat removal and with the same properties for the final product application. The molecular structure of the polymer is sensitive to reactor operating conditions. The reactor polymerization temperature significantly influences on the molecular properties of the polymer, such as: density, polydispersity and average particle size, final monomer conversion, molecular weight, enthalpy, viscosity, thermal conductivity, glass transition temperature, among others characteristics. It is known that manufacturing polymerization reactions modeling can be a challenging task. The difficulty involved in developing polymerization models is mainly the dispersed nature of the reactants and products. In the present work, the emulsion copolymerization butadienestyrene was chosen because of industrial importance as well as the relevant properties for industrial safety aspects. The amount of water of reaction was gradually reduced and the behavior of the reaction energy release was observed. Its removal by the cooling system as well as the properties of the final product and the efficiency of the reaction were also observed.
Methods -Model and Process

Model and Simulation tool: Aspen Polymers®
Aspen Polymers® is a process modeling system for the simulation of polymer manufacturing processes. The modeling system includes modules for the estimation of thermophysical properties, for performing polymerization kinetic calculations and associated mass and energy balances. Also included in Aspen Polymers there are modules for: characterizing polymer molecular structure, calculating rheological and mechanical properties and tracking these properties throughout a flowsheet. There are also many additional features that allow the simulation of the entire manufacturing processes. Several authors, such as mentioned in [2] , [3] , [4] and [5] have used this tool successfully. Even the material made available by the tool Polymers Plus Examples & Applications Case Book [6] has a range of polymerization reactions already validated.
Process Description
The original model was developed by Broadhead [7] and was contained in Aspen Polymers®, version 7.3 software. Styrene Butadiene Emulsion Copolymerization Process, showed in Aspen Polymers modeling software is a freeradical emulsion polymerization of styrene and butadiene in a semi-continuous reactor. In this reaction, the copolymerization of styrene emulsion (STY) and butadiene (BD) is performed in a semicontinuous reactor using sodium lauryl sulfate (SLS) as the surfactant, tert-dodecyl mercaptan (TDM) as the chain transfer agent, ammonium persulfate (APS) as the initiator and water as the reaction solvent. Table 1 summarises the components as they are available in the software Aspen Polymers®. Table 1 Components in a copolymerization of styrene and butadiene in semi-continuous process
The process, represented in the flowchart of Figure 1 , consists of a batch reactor with an initial charge (CHARGE) and a continuous feeding addition of monomers and other raw materials (CFEED): The initial charge is added to the reactor and heated from 20°C to 65°C, which is temperature of ammonium persulfate dissociation. At this temperature, the process of forming pre-polymer particles (also called seeds) begins; the radicals generated from the initiator become an active surface and enter the micelles to form particles which will determine the size and distribution of particles required. The heating of the reaction is controlled to keep the pressure at 10 bar. The temperature profile specified in the model follows the behavior as shown in Figure 2 .
Figure 2 -Reactor temperature profile for polymerization process Once the particle specifications are established, monomers and other raw materials, such as chain transfer agents, stabilizers and initiators are continuously added to the reactor, and the particles will increase until the final desired particle size. Thus, after 1 hour, the continuous feed flow CFEED starts at 1200 kg/h and it is maintained for 1 hour. Table 2 shows the streams fed to the reactor and their parameters [7] . 479,4 kg/h The reaction was conducted for eight additional hours at 10 bar and 75°C, reaching its maximum conversion close to 100%.
Simulations for increasing solids content: Assumptions
To increase the solids content keeping the same composition of the final polymer it was necessary to provide some initial conditions:
Initial charge: the initial raw material charge was not changed because this step is very important for the formation of the polymer.
Pre-emulsion: this mixture of monomers, water and surfactant were dosed to the reactor over time. The volume of the pre-emulsion was kept constant, along the different runs, with the removal of water from the formulation and increase of other raw materials with the goal of increasing the solids content in the final product.
Final volume: the final batch volume was not changed based on the assumption of occupying the maximum available volume of the reactor at the end of dosing.
Continuous Dosage: the pre-emulsion flow rates into the reactor and the final reaction time (10h) were maintained, so that the productivity was not changed.
Results
Mass balance for increasing the solids content of the final product
As previously mentioned, to increase the solids content in the final product it was necessary to reduce the water dosed to the reactor from the pre-emulsion. To achieve the mass balance with the new solid concentration values the add-in Solver from EXCEL® software was used due to the requirement for simultaneous change of two dependent variables: Final concentration of solids in the product and the pre-emulsion composition (solution for continuous dosage). The procedure was repeated varying the solids content of 48,4% to 65,1%, by 1% and the amounts of raw materials dosed were changed. The value of 65.1% solids content was the maximum possible because it means that all water was removed from the continuous dosing to reactor. With the results of the new mass balances for each initial charge concentration proposed, it was possible to return to the Aspen Polymers® to perform the simulation with all initial charge concentration, shown in Table 3 , for obtaining the final properties of the polymer, as it will be exposed in the following sections of this paper.
Discussions
Behavior of end latex properties according to increasing solids content
The density of a mixture is a weight average of the density of each component of this mixture, based on the concentrations of each one. Therefore, if we have a greater amount of polymer formed, with density greater than the raw materials used, this property is expected to increase as can be seen in Figure 3 : The thermal conductivity quantifies the capacity of a material to conduct heat and depends on the temperature and the nature of the material. Polymeric materials have much lower capacity to conduct heat than water. When concentrating the emulsion, a decrease in the thermal conductivity is expected (Figure 4 ). With the increase in solids content, the mobility of molecular segments in the medium and the internal characteristics of vibration are reduced. It becomes more difficult to increase the temperature of the material, ie., the specific heat decreases with increasing solids content ( Figure 5 ). High flows of monomers increase their concentration in the medium and, consequently, the polymerization rate (reaction rate). Therefore favoring in the propagation step and the generation of a high degree of polymerization, resulting in increased particle diameter; polymer molecular weight proportional to particle size thus increasing both properties with raising of solids content ( Figure 6 and Figure 7 ). Meanwhile, the polydispersity profile reduces compared to the solids content increases. This behavior is explained by the amount of chain transfer agent (TDM) which cannot be increased relative to the amount of monomers, insofar as this component is only added to the initial charge. The transfer process to the chain transfer agent ends the growing chain, but also generates a new radical. As the concentration of free monomers is greater to obtain higher solids, the average molar mass increases (there is a lower probability on termination) thus providing growth of the polymer rather than the formation of new polymer particles. It is known that viscosity is a function of the solids concentration, molecular weight, distribution of the particle size and the average diameter. As expected, Figure 9 shows this increase of viscosity with rising solids content. The viscosity also intensifies the reduction of the polydispersity. For distributions with little variation in size accommodation between polymer molecules in the medium is not the same. It appears that the property is relatively more affected with increasing solids content. The glass transition temperature (Tg) decreased minimally relative to solids (only 2.4°C). The explanation is based on the fact that this temperature is associated directly to the monomer composition in the formulation. With the increase in the amount of styrene Tg rises, whereas increasing butadiene decreases Tg. The ratio of styrene and butadiene in the copolymerization is basically what defines the Tg of the polymer. In this study a ratio of 1/1 was kept for all formulations. 
Butadiene conversion and reaction yield
The limiting reagent in this styrene-butadiene emulsion polymerization reaction is the butadiene (styrene is the excess in monomer reagent as seen profile consumption of the original formulation). Thus, by analyzing its consumption in the reaction relative to the amount fed into the reactor, a reduction of 2.4% was found. In the original recipe, only 0.23 kg was left out a total of 635.6 kg, consequently butadiene conversion was close to 100%. As for the revenue solids content of 65%, there is a loss of 20.7 kg of butadiene. The Butadiene conversion in reaction profile can be seen in Figure 11 . Only styrene and butadiene compose the final molecule, the maximum yield, in theory, is the sum of styrene and butadiene mass. In this sense, it is possible to calculate the reaction yield using Equation 1.
Yield= (mass of final product )/(amount of butadiene and styrene in the reactor )
It was noted a decrease in reaction yield with rising solids content to the same original reaction temperature (75 ° C):
Figure 12 -Reaction yield expressed as polymer total per total monomers (mass)
According to Figure 11 , conversion of the butadiene polymer to 60% solids content is also very close to 99%, and as illustrated in Figure 12 , this same concentration have a yield close to 97%. Therefore, it is proposed that the 60% solids content is the best point to adjust the temperature of 75 °C. Importantly, though the polymer properties presented variations on this point, as it can be seen in Figures 3 to 10 , the product must therefore be checked in practice according to their application to determine whether these differences are significant or not. It is plausible still check the increase of the reaction temperature can increase the conversion of butadiene in the reaction since the reaction rate depends on the reaction temperature. Furthermore, it is essential to analyze changes in these forming product to obtain an optimum operating point, wherein the final yield of the reaction is maximized; higher temperatures may result in decomposition reactions or promote unexpected reactions.
Conclusion
The purpose of this work was to study increased solids content influences in the properties of styrene-butadiene emulsion in semi-continuous process, minimally changing the important variables for the final product quality. The results showed in this work presented an appropriate behavior for the emulsions according to the increase of the solids content. The simulations developed with the software Aspen Polymers® adjusted data in the appropriate form of literature. The final properties of the emulsion showed expected results as discussed in the theoretical basis: the density, viscosity, average molecular weight and particle diameter increased with increasing solids content and polydispersity, the glass transition temperature, specific heat, and thermal conductivity decreased. It was noted that the reaction yield decreases with increasing solids content to the same original reaction temperature of 75°C. Based on butadiene conversion of 99% and the reaction yield of approximately 97%, the best point adjustment was found at 60% solids content.
In conclusion, the simulation of the copolymerization process of styrene-butadiene emulsion, using as a tool the software Aspen Polymers®, indicates an advantageous way for testing on a pilot scale, avoiding waste of time with tests, minimizing the number of experiments and analysis. This is an important step, ahead of the existing global competition in the polymerization area. The constant searches for continuous process improvement, cycle time reduction and product development costs is an important differentiating factor to be considered.
